L ipoprotein uptake by vascular endothelial cells has been implicated in the initiation and development of atherosclerosis. 1 -2 In animals fed a high cholesterol diet, there is the appearance of cholesterolrich lipoproteins that float at a density of less than 1.006 g/ml and have (3-electrophoretic mobility, referred to as (3-VLDL. 3 A specific receptor on macrophages that recognizes (3-VLDL has been recently identified. 4 " 6 The uptake of (3-VLDL by its receptor has been shown to cause cholesteryl ester accumulation in macrophages to the degree seen in foam cells. 47 Macrophages also accumulate massive amounts of cholesteryl ester when they are exposed to acetyl-LDL 8 or malondialdehyde-altered LDL (MDA-LDL). 9 The uptake of these ligands is mediated by a receptor that recognizes negatively charged proteins, the scavenger receptor.
10 Endothelial cell lines have been shown to possess both the LDL and scavenger receptors. 11 1Z Thus, we thought it important to determine which, if any, of these receptors were present on the primary and first passage cultures of adult aortic endothelium, and to examine the control of receptor function.
Methods

Materials
The following materials were used in these studies: sodium 
Cell Cultures
Bovine Cells
Bovine endothelial cells were obtained from segments of adult bovine thoracic aortas and were isolated using a 0.5% collagenase solution, as previously described. 13 " 15 Cells were maintained at 37°C in a 5% CO 2 atmosphere in Waymouth's medium containing 20 U mycostatin, 100 U penicillin, and 100 ng streptomycin per ml (Medium A) supplemented with 8% fetal bovine serum (FBS).
Only primary and first passage cultures of endothelial cells at a density of 1-5 x 10 5 cells/cm 2 were used in these studies. These cells displayed the morphological and growth characteristics of endothelial cells, forming a monolayer of flattened polygonal cells. At a density of 4-5 x 10 5 cells/cm 2 , more than 95% of the cells exhibited strict contact-inhibition as verified by thymidine incorporation studies with autoradiography 16 and by positive immunofluorescence for the presence of Factor VIM antigen. 17 Cultures at low cell density (1-2 x 10 5 cells/cm 2 ) appeared confluent, but were not contact-inhibited as assessed by thymidine incorporation.
Rabbit Aortic Endothelial Cells
Rabbit aortic endothelial cells were isolated from normal New Zealand white rabbits and Watanabe heritable hyperlipidemic (WHHL) rabbits weighing approximately 2 kg each by methods similar to those described previously, 18 except that pancreatin was substituted for viokase. Aortic segments were split longitudinally and placed on top of a small amount of collagenase and pancreatin in DME and incubated for 10 minutes. Cells were dislodged by pipetting a stream of enzyme solution against the walls. Cells were plated into 48-well dishes in DME containing antibiotics as for bovine cells and 15% FBS. After 1 day, the cells were washed, and DME containing 5% FBS + 10% clottable rabbit plasma-derived serum was added to the cells. After an additional day, the clotted medium was removed along with many adherent cells. This step preferentially removed the nonendothelial cells in the isolates. The remaining cells in the wells were then placed in DME containing conditioned medium from bovine aortic endothelial cells plus 15% FBS. Cells were kept in this medium until they were used (1-2 weeks), at which time the contact-inhibited state was obtained. The cell cultures at this time had the typical appearance of an endothelial monolayer with cobblestone morphology (Figure 1 ). Only primary cultures were used.
Llpoprotelns
Human VLDL (d < 1.006 g/ml) from normal, fasting subjects or from normal subjects fed a liquid fat meal, and rabbit or human LDL (d = 1.019 to 1.063 g/ ml) were isolated by ultracentrifugation as previously described.
69 Rabbit p-VLDL and human MDA-LDL were prepared as described. l-labeled lipoproteins were prepared as described. 9 Distribution of the radioactivity among the apolipoproteins of rabbit P-VLDL was: 78% in apo B (of which 90% was in the high molecular weight form), 20% in apo E, and 2% in apo C. The cholesterol/protein ratio of the rabbit p-VLDL was approximately 10:1. The d < 1.006 g/ml fraction from cholesterol-fed rabbits showed a single p-migrating band on agarose electrophoresis. Four separate p-VLDL preparations were used. All lipoproteins were filtered through a 0.45 ^.m filter just before addition to the cells.
Assays
Before the addition of radioactive lipoproteins, the cells were washed three times with 1 ml of DME containing 10 mM Hepes (Medium C). Radioactive lipoproteins were added in the same medium supplemented with 24 mM NaHCO 3 and 2 mg/ml glucose (Medium D). The degradations of l-labeled trichloroacetic acidsoluble (noniodide) material formed by the cells and excreted into the culture medium as described by Goldstein and Brown. 20 The protein content of extracts and lipoproteins was determined by the method of Lowry et al. 21 with bovine serum albumin as a standard. The total cholesterol content of the cells was determined after the cells had been incubated with 100 /i,g/ml protein of each lipoprotein for 72 hours. On the day of the harvest, the cells were washed three times in the dishes with 5 ml of phosphate-buffered saline (PBS) containing 1% bovine serum albumin. The cells were scraped with a rubber policeman in PBS and layered on 3% human serum albumin in 30 ml siliconized tubes. The tubes were Figure 1 . A phase micrograph of rabbit endothelial monolayer x 100 centrifuged at 10,000 g for 30 minutes and the supernatants were removed. The pellets were washed three times with 20 ml PBS and suspended in an appropriate volume of isopropyl alcohol (0.5-1.0 ml/ mg cell protein). The cells were then sonicated with a microprobe (140 x 30 mm) for 10 seconds with a "lo" setting of 5 on a Ystrom sonicator (Technic International, Bergenfield, New Jersey). After centrifugation for 15 minutes at 800 g, the clear supernatant was removed and the total cholesterol was measured enzymatically as described by Allain et al. 22 The residue was dissolved in 0.1 N NaOH and an aliquot was removed for protein determination. Statistical analyses were carried out using the Student t distribution; a p value of < 0.05 was considered significant.
Reproducibility of Data
The number of replicate assays for each data point is indicated in the legends. The average variation for replicate well analyses in the different assays used in the endothelial cell incubation studies was less than 10%. All experiments were repeated on at least two or more occasions with similar results. Figure 4 suggest that the LDL receptor on bovine endothelial cells has a greater affinity for rabbit p-VLDL than for LDL itself. Thus, at low concentrations a significant portion of the total 125 l-rabbit p-VLDL degradation may be mediated via the LDL receptor. This is similar to the results reported for the p-VLDL receptor in human monocyte-macrophages. 6 Therefore, unlabeled human LDL was included in incubations when measuring the degradation of 125 l-labeled rabbit p-VLDL to determine the p-VLDL receptor activity independent of the LDL receptor in the experiments to follow.
It has been shown 6 -M that the p-VLDL receptor on macrophages recognizes triglyceride-rich lipoproteins from hypertriglyceridemic subjects and from postprandial plasma of normal subjects. To determine if similar lipoproteins can compete for the receptor-mediated degradation of p-VLDL in endothelial cells, we performed the experiments shown in Figure 5 . A 20-fold excess of unlabeled VLDL from a normal fat-fed subject was almost as effective as unlabeled rabbit p-VLDL in inhibiting the degradation 
Effect of Cell Density on Receptor Activities
The expression of LDL and scavenger receptor activities on endothelial cell lines has been shown to be dependent on cell density. 2425 in the presence of a 25-fold excess of unlabeled human LDL (C) at the concentrations indicated. After incubation for 4 hours at 37"C, the medium was removed and the lZ5l-labeled acid-soluble content was determined. Each point is the mean from triplicate wells with a 12% coefficient of variation.
illustrated in Figure 6 , compare the activities of the LDL receptor, scavenger receptor, and P-VLDL receptor as a function of cell density in primary and first passage cultured bovine endothelial cells. At both low (1-2 x lo5 cells/cm2) cell density and high (4-5
x 105 cells/cm2) cell density, the cells were confluent. However only the cells at the high density were contact-inhibited and not dividing as verified by labeled 1251-thymidine incorporation (data not shown). lZ51-human LDL degradation was lower at high cell density than at low cell density (Figure 6 A) . Degradation of I2Vrabbit LDL by bovine endothelial cells was similarly density-dependent (data not shown). In contrast, the degradation of 1251-human MDA-LDL was 50% greater at high cell density than at low cell density (Figure 6 B) . Whereas the uptake and degradation of lZ51-LDL and lZ51-MDA-LDL were affected by cell density, P-VLDL receptor activity was the same at either high or low cell densities (Figure 6 C) . The data in Figure 6 are representative of those obtained in six of six separate experiments.
Degradation of Rabbit LDL and Rabbit 13-VLDL by Rabbit Endothelial Cells
The different effects of cell density on LDL and P-VLDL degradation are physiological evidence of the separate identities of these two receptors. To show that these receptors were also genetically distinct from each other, we compared the uptake and degradation of lZ51-rabbit LDI and 1251-rabbit P-VLDL by endothelial cells from normal and WHHL rabbits ( Figure 7) . In cells from a normal rabbit, the degradation of Iz51-LDL was inhibited by a 43-fold excess of nonradioactive LDL, demonstrating specific high affinity degradation. In contrast, the degradation of lZ5l-LDL by cells from a WHHL rabbit was negligible. The specific degradation of 1251-P-VLDL was similar in both the normal and WHHL cells. In normal rabbit and in normal bovine cells, unlabeled LDL was a poor competitor for Iz5l-rabbit P-VLDL uptake and degradation; however, unlabeled rabbit P-VLDL suppressed degradation of 129-rabbit P-VLDL by 90% to 95% in both cell types. The experiment in Figure 7 is representative of experiments using cells from four normal and two WHHL rabbits. We concluded that the P-VLDL receptor is genetically distinct from the LDL receptor on endothelial cells.
Down-Regulation of Receptor Activities
After reaching confluency, contact-inhibited monolayers of endothelial cells were preincubated for 3 days in the presence of unlabeled human LDL, human MDA-LDL, or rabbit P-VLDL at a concentration of 100 pg/ml of protein to determine if the degradation of these lipoproteins showed regulation. Figure 8 shows that after preincubation, the receptor-mediated degradation of lZ51-human LDL, lZ51-human MDA-LDL and Iz51-rabbit P-VLDL were all decreased. The more than two-fold decrease in LDL and P-VLDL receptor activities is similar to previous findings on cultured fibroblasts 4 27 and on monocytemacrophages. 6 It was found 28 that in macrophages the activity of the scavenger receptor was not regulated by preincubation with lipoproteins. In the present study, the decrease in scavenger receptor activity could be the result of an increase in the number of "sprouting" cells in the population 29 which was observed after incubation with MDA-LDL (data not shown). Sprouting cells are phenotypically altered endothelial cells that are known to differ in the biosynthesis of some secreted proteins which also display reduced contact inhibition.
Effects of LDL, MDA-LDL, and li-VLDL on Cellular Cholesterol Content
Receptor-mediated degradation via the scavenger receptor on endothelial cell lines 12 and via the (3-VLDL receptor on monocyte-macrophages 4 " 6 has led to cellular cholesterol accumulation in vitro. To determine the effects of exposure to lipoproteins on cellular cholesterol levels in early passage cultures, we incubated confluent 3-day-old primary cultures of bovine endothelial cells for 72 hours with 100 /xg/ml of protein from unlabeled human LDL, human MDA-LDL, or rabbit p-VLDL. As shown in Table 1 , the cells incubated with MDA-LDL or with rabbit p-VLDL had a significantly higher cholesterol content than control cells receiving no added lipoprotein. Although the levels of cells incubated with LDL appeared slightly higher, the difference was not statistically significant Each monolayer of normal endothelial cells received 5 ml of Medium A containing 100 /xg/ml protein of the lipoprotein indicated. After incubation for 72 hours at 37° C, the cells were washed in the dishes three times with phosphate-buffered saline containing 1 % BSA (5 ml/wash); harvested, and the total cholesterol content determined. Each value represents the mean ± SEM. The number of monolayers analyzed is given in parentheses in the second column. *p < 0.05, compared to cells receiving no addition of lipoprotein.
when compared to the control. None of the cells exposed to the lipoproteins under the conditions used here took on the appearance of foam cells when examined by oil red O staining and electron microscopy (data not shown).
Discussion
We have shown in the present study that adult bovine aortic endothelial cells possess at least three distinct receptors: a receptor for LDL, a scavenger receptor, and a receptor for p-VLDL. Our studies were done using primary or first passage cell cultures where minimal phenotypic change would be expected. The scavenger receptor in these cells is distinct from LDL and p-VLDL receptors as shown by competition studies (Figures 3 and 5) . That p-VLDL is taken up by a receptor distinct from the LDL receptor has been shown physiologically by the different effects of cell density on the two receptors ( Figure 6 ). Previous studies 4 6 showed that in macrophages the degradation of both p-VLDL and LDL is dependent on calcium. Additionally, both receptors can either be up-regulated by preincubating the cells in lipoprotein-deficient serum or down-regulated by preincubating the cells with sterols. Even the decrease in receptor activity over time in culture was similar for LDL and p-VLDL. However, Van Lenten et al., 6 using mutant cells (FH homozygote) that lacked the LDL receptor, conclusively demonstrated that genetically distinct receptors must exist. In a similar manner, studies on endothelial cells from normal and WHHL rabbits (Figure 7 ) demonstrate that the two receptors are genetically distinct.
The p-VLDL receptor has been previously described only in macrophages 4 " 6 ' a and was shown to recognize both triglyceride-rich and cholesterol-rich lipoproteins. 623 Similarly, we have shown that the plasma VLDL fraction of normal fat-fed individuals contains particles that effectively compete with p-VLDL for uptake by endothelial cells, while the VLDL fraction from fasting individuals does not ( Figure 5) . Table 1 illustrates that p-VLDL was as effective as MDA-LDL in increasing the cholesterol content of the endothelium. Because of the high cholesterol content of the particle, cholesterol accumulation occurred in spite of the down-regulation of the p-VLDL receptor (Figure 8) .
Increases in membrane cholesterol content or changes in fatty acid composition can alter membrane function. It has been shown 30 that an increase in membrane cholesterol leads to a general decrease in membrane pinocytosis. Since pinocytosis is a fundamental process in the maintenance of cell homeostasis, even small alterations in the rate of pinocytosis may result in significant changes in intracellular biochemistry and transport. Increased membrane cholesterol and saturated fatty acid levels have been shown 31 to alter the activities of membrane enzymes such as Na + K + ATPase. We have recently found 32 that increased cholesterol content produces a change in the insulin receptor function in endothelial cells.
Endothelial cells and monocyte-macrophages are thus far the only cells known to possess the LDL receptor, the scavenger receptor, and the p-VLDL receptor. Changes in endothelial cells and monocyte-macrophages are among the earliest alterations in the development of the atherosclerotic lesion; however, the precise role of these receptors in this process has yet to be determined in vivo.
